To assess the feasibility of small soft tissue avascular tumor micro-CT imaging with x-ray phase-contrast in-line holography, we have studied micro-CT imaging with in-line geometry of small spheroidal avascular tumor models with quiescent cell core (< 250 µm) and various distributions of the proliferating cell density (PCD) forming the outer shell. We have simulated imaging with an ultrafast laser-based x-ray source with a Mo target. We observe phase-contrast enhancement of the tumor boundaries in the reconstructed transaxial images, resulting in improved detection of small soft tissue tumors, providing that the PCD density gradient is sufficiently large.
INTRODUCTION
One of the major drawbacks of CT and micro-CT is their rather poor density resolution (smallest density variation in the object that can be resolved in the image). In-line x-ray phase-contrast imaging is a promising new technology that might afford improved soft tissue resolution [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This imaging method requires an x-ray source with a sufficiently small effective focal spot size, suitable spectral distribution, and an appropriate imaging geometry. An ultrafast-laser-based x-ray (ULX) source fulfills these requirements [12] . Therefore, we have investigated micro-tomographic imaging of soft-tissue small avascular tumors with ULX under Fresnel conditions, because they are most suitable for laboratory in vivo imaging [1] .
MATERIALS AND METHODS
Using in-line geometry, we studied x-ray phase-contrast micro-CT imaging of small spheroidal avascular tumor models proposed by Jiang et al. [13] and Stein et al. [14] . We considered an invading tumor in an early stage of development (i.e. not containing a necrotic core) with quiescent cell core radius of 250 µm and diverse distributions of the proliferating cells forming the outer shell. This layer was modeled by various degrees of Gaussian blurring of the density profile across the interface with the surrounding tissue (FWHM in the 8-100 µm range). We used a simplified model of a mouse, namely a cylinder 28 mm in diameter and 300 mm in length. We assumed that the tumor was centrally located, that the tumor core had the same radiological properties as soft tissue, and that it was embedded in adipose tissue. Simulations were performed using an analytical model describing propagation of an x-ray wave through an object assuming that the "projection approximation" was valid, so that the amplitude E out (x,y) of the wave transmitted through the object was related to the amplitude E in (x,y) of the wave incident on the object as
, where ϕ(x,y) and a(x,y) are the phase and the attenuation induced by the object, respectively. The free-space propagation from the object plane to the detector was modeled using a rigorous wave-optics formalism [15] [16] [17] [18] . The following parameters of the imaging system were used in our simulations: σ S = σ D = 0 (point source and perfect detector), M = 1.1 and M = M opt = 2 (optimum magnification corresponding to the point source and perfect detector), R = 2 m (total source-to-detector distance), and 20 keV x-ray energy. We created sets of micro-CT projection images and reconstructed them using a modified Feldkamp algorithm (Figs. 1-6 ). The data for Figs. 1 and 2 were created from 360 projection images, and, for Figs. 3-6, 1,440 projections were used. We also estimated image contrast in projection images for tumor models with diameter in the 0.2-2 mm range (Figs. 7, 8 ).
RESULTS AND DISCUSSION
We have observed phase-contrast enhancement of the image contrast at the boundaries of the tumor in the projection images, and even stronger enhancement in the reconstructed transaxial images. The boundary enhancement depends strongly on the electron density gradient in the proliferating cell region. It is very strong for FWHM = 8 µm, moderate at FWHM = 50 µm, and difficult to detect for FWHM = 100 µm. At large values of the tumor radius, absorption contrast dominates (Fig. 7) and contrast is almost independent of the gradient of electron density at the boundary. For small tumors (r <1 mm), phase contrast dominates, but it rapidly decreases with increased blurring of the interface between the tumor and normal tissue.
CONCLUSIONS
X-ray phase-contrast micro-CT using in-line holography geometry could offer improved detection of small soft tissue avascular tumors in early stages of invasion, provided that the proliferating cell density gradient is sufficiently large.
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